The measurement of distance plays an integral part in many aspects of modern societies. In this paper an integrated mode-locked laser on a chip is used for distance measurement based on mode-resolved interferometry. The emission from the on-chip source with a repetition rate of 2.5 GHz and a spectral bandwidth of 3 nm is coupled into a Michelson interferometer. The interferometer output is recorded as a spectral interferogram, which is captured in a single camera image. The images are analyzed using Hilbert transform to extract the distance. The distance derived shows a deviation of 6 μm from the reference, for a distance up to 25 mm. We also demonstrate interferometry with repetition frequency sweep which can also be used with the source. Performance is expected to be better in the near future with the rapid developments in the field of on-chip laser sources which are demonstrating larger spectral widths and coherence lengths.
Introduction
Dimensional metrology has found applications in many areas of modern life. Applications ranging from geodetic monitoring, environmental monitoring and formation flight for interferometry in space to precision engineering require measurements of length or displacement. Laser based interferometric techniques are advancing rapidly due to the new laser sources, advances in detector technology, electronics and computational devices. Pulsed laser sources, which are extremely stable, like the frequency comb, have also led to techniques, which measure larger distances with extremely high accuracies [1] - [3] . In most cases the experiments that demonstrate these techniques consist of large setups on experimental tables. Applications require devices which can implement dimensional metrology but have a small footprint in terms of size, power consumption and lower cost. These devices could then be used universally to control processes in industry, remote environmental monitoring or flown in satellites.
The development of mode-locked laser sources has been the main instigator of the major leaps made in the field of distance metrology [1] . Significant improvements have been made towards stabilizing mode-locked lasers to an unprecedented level, leading to frequency comb lasers [4] . Optical frequency combs with their extreme stability have found a multitude of applications since their emergence at the beginning of this century [5] . While the goal of the initial applications was to provide an optical frequency standard, the versatility and reliability of frequency combs sparked new research in high-resolution optical spectroscopy and length metrology [6] . Distance metrology has been implemented using methods where the frequency comb is used to reference continuous wave lasers [7] - [10] , as a source for time-of-flight measurement [11] and for the multiplication effect by tuning the repetition frequency f rep [12] . Other applications in spectroscopy and length metrology make use of the strict definition of the optical spectrum, which is directly related to a frequency standard, to extract distance and spectral information from the interferogram of the many individual comb modes. Several techniques based on this method have been successfully demonstrated for distance measurement. These include inter-pulse cross correlation interferometry [13] - [15] , dispersive interferometry [16] , [17] ,spectral interferometry [2] , [18] and dual comb multi-heterodyne interferometry [3] , [19] , [20] which directly use the spectral properties of the frequency comb to extract the distance being measured. Spectral interferometry method is one of the most accurate methods, of which the relative accuracies remain in the 10 −7 -10 −8 range mainly due to the uncertainty of the refractive index and are not limited by the performance of the frequency comb.
For the technology to become more accessible for industrial and outdoor measurements, integrating the laser source [21] is desirable. The Ti:Sapphire oscillator based frequency combs are extremely accurate but not so practical for measurements where portable setups or compact devices are required. Fiber-based frequency comb laser sources are portable though the long optical path length in the oscillator results in very low repetition rate, in the order of hundreds of MHz. Since the repetition rate corresponds to the comb mode spacing in the frequency domain, a higher repetition rate, in the order of GHz, loosens the resolution requirements of the spectrometer for spectrometer based measurements. External cavities can be employed to filter some of the comb modes until individual modes can be resolved, but increase the complexity of the system and are sensitive to vibrations [22] . An integrated mode-locked laser on a chip with a high repetition rate can be the key device which can move this technology from laboratories to industrial and outdoor applications. Ideally this device should have a small footprint in size and power consumption. Additionally this device should be sufficiently isolated so that it remains stable in spite of variations in its ambient environment.
In this work we present a distance measurement based on mode-resolved interferometry [18] with a monolithically integrated mode-locked laser [23] . This laser features a repetition rate of 2.5 GHz, which ensures that the modes can be separated by most VIPA (Virtually Imaged Phased Array) spectrometers. Compared to other spectral interferometry methods [18] , [24] , the phase calculation method with Hilbert transform can extract phase directly and accurately, which can improve fitting results. The performance of distance measurement and repetition frequency tuning are also shown.
Measurement Principles
The measurement method is based on a Michelson interferometry. As an input the light from a mode-locked chip laser is used, containing about 120 modes. The laser beam is split into two arms, a reference arm and a measurement arm, and recombined again. Then the combined beam is spectrally resolved by a VIPA spectrometer. The intensity of each mode changes periodically with wavelength. The interference intensity can be written as:
with I 0 the intensity of the light sent into the interferometer, L , the path length difference of the interferometer arms (single path), λ the vacuum wavelength and n the air refractive index. The phase can be written as :
with f the optical frequency and c the speed of light in vacuum. The derivative of phase with respect to frequency can be written as:
with n g the group refractive index:
The distance can be written as:
We define L pp as the pulse-to-pulse distance in the medium, which is written as:
with f rep is the repetition frequency of frequency comb. The phase of each mode is obtained by Hilbert transform. If the distance is less than 1 4 L pp , there is no ambiguity to unwrap the phase. Then linear fit is used to obtain the the phase change with frequency. The linear fit result is φ = K · p + b. This implies that the refractive index changes linearly with wavelength. Here K and b are fitting parameters and p is a label which is relative to a specific mode as defined by f p = f rep (Q + p ) + f 0 , where Q is a very large integer. With dφ/df = K /f rep , this leads to
If the distance being measured is between 1 4 L pp and 1 2 L pp , K is negative and L can be written as:
Just a linear fit is not enough to determine K , because the sign of K is unknown. It is possible to determine K with several methods, such as changing the f rep , which will be shown in the following section. Within 1 2 L pp the distance L is defined with non-ambiguity. When L is larger than 1 2 L pp , the interference patterns are repeating for each 1 2 L pp , because the phase change is more than 2π if L > 1 2 L pp . Using the linear fit, we can only obtain phase change which is less than 2π. The arbitrary distance can be written as:
where m is an integer and can also be determined by sweeping the f rep .
Experimental Setup
The setup for the experiment presented in this work has three main components: the monolithically integrated mode-locked laser, the Michelson interferometer with reference and measurement arm, and the VIPA spectrometer. Optical single-mode fibers are used to transfer the light between those components. A schematic of the setup is shown in Fig. 1 . The different segments and their control parameters are explained in the following sections.
Monolithically Integrated Laser
A monolithically integrated mode-locked laser, with a repetition rate of f rep ≈ 2.5 GHz at a wavelength of 1.58 μm, was realized on the InP-based multi-project wafer run by SMART Photonics [25] . The laser features a 33 mm long cavity ring. Phase-control elements, gain sections and saturable absorbers in the cavity allow for tuning and optimization of the laser output. The chip was mounted on an aluminum sub-carrier and the electrical contacts wire-bonded to a printed circuit board, which allowed for easier electrical access for controlling the laser. The laser was operated at room temperature without any active cooling or temperature stabilization. The mode-locking of the laser could be achieved either by passive means or by using hybrid mode-locking. Passive mode-locking was realized applying DC (direct current) bias to the saturable absorber and the gain segments. In the case of hybrid mode-locking an additional RF (radio frequency) signal was fed to the absorber via a bias tee, which matched the f rep of the chip in passive mode-locking operation. In hybrid mode-locking f rep could be pinned to a fixed value over the course of the entire experiment, while in a passively locked operation the repetition rate of the laser experienced drift. The current control of the laser was driven by a Thorlabs LDC8005 in a PRO8000 chassis. The saturable absorber was controlled with a National Instruments NI9923 in cDAQ-9178 chassis. The RF signal was provided by a Rohde & Schwarz SMB100 A signal generator. The chip featured angled output ports with anti-reflective coatings, from which the light was collected with a tapered fiber (OZ-optics TSMJ-EA-1550-9/125-0.25-7-2.5-14-1-AR). In this experiment the light from the mode-locked laser was amplified through a booster optical amplifier (BOA) S9FC1004P by Thorlabs, which is a semiconductor based amplifier. An APC circulator, Thorlabs 6015-3, was placed before the BOA to prevent light from the BOA from entering the chip and disturbing the laser operation. The repetition frequency of the laser was measured with a fast photo-detector (Newport 818-BB-35F) in combination with a RIGOL DSA1030 spectrum analyzer. For hybrid mode locking the signal generator provided an RF signal with matching frequency f SG = f rep and an output power of P SG = 10 dBm. A typical mode-resolved spectrum recorded by VIPA spectrometer has been shown in Fig. 2 . The intensity of each mode is modulated by VIPA and this modulation can be canceled by the normalization. The further details of the pulsed laser on a chip have already been reported by Latkowski [23] . 
Michelson Interferometer
One of the key components for the distance measurement setup is the Michelson interferometer. The path length difference between the known reference arm and variable measurement arm results in an interferogram on the VIPA spectrometer. For the short distance measurement, measurement arm was varied using the translation stage M-112.1DG from PI with a total movement range of 25 mm. A PI C-863 DC motion controller was used to drive the translation stage. For the long distance measurement, the measurement arm has a maximum length of 1.5 m and consists of a long rail with electric carriage.
VIPA Spectrometer
The virtually imaged phased array spectrometer consists of several components, which are shown in Fig. 3 . In the spectrometer the combination of cylindrical lens and VIPA etalon results in wavelengthdependent transmission for different angles and thus acts as an angular disperser. The VIPA etalon from Precision Photonics (S-LAA71) consists of a 1.75 mm thick glass plate. The front side of the etalon is covered with a highly reflective coating with a reflectance of 99.5%, except of a small window, which is left uncoated to allow the beam to enter the etalon. The output side's coating provided a reflectance of 96%. A small angle between the etalon and the incoming beam allows for several reflections within the etalon. The transmission can be explained with the creation of an array of virtual light sources, which can constructively interfere if angle and wavelength are matched [26] , [27] , thus causing angular dispersion in the vertical plane. The VIPA etalon has a high resolution, but a low free spectral range (FSR), so the spectral orders overlap, therefore a grating, Spectrogon UK (G1100 31x50x10 NIR, 1100 lines/mm), in orthogonal orientation is used as a post-disperser, creating dispersion in the horizontal plane. The angularly dispersed beam is then focused onto different positions on the detector plane of the camera, by a lens, where each position corresponds to an optical frequency. A continuous broadband light source would create a vertical line pattern on the infra-red camera, XenICs (XEVA-FPA-1.7-640). If the spectrometer allows for a separation of the individual laser modes, a point pattern will be visible, as shown in references [2] , [22] . The spectral data is extracted by relating the position on the camera plane to its corresponding frequency. This is done by following the lines or the lines of dots on the camera image. When following one line, spectral data for the span of one FSR of the VIPA can be obtained. To exceed this wavelength range, neighboring lines have to be read out in the same fashion, which allows for stitching of the complete spectra out of the contributions of the individual lines of the camera image [2] , [22] . In this experiment the VIPA spectrometer had a resolution of 680 MHz with an FSR of 50 GHz for a single line. The modes of the laser, which are spaced by 2.5 GHz, are spectrally resolved by the VIPA spectrometer. The VIPA spectrometer was calibrated with an Agilent 6015-3-APC tunable single-mode laser in an 8163B mainframe, which allowed for identifying the FSR and also provided the wavelength calibration. This calibration is only used to get the correct stitching of the spectra.
Results and Discussion
In order to test the ability of distance measurement with the integrated mode-locked ring laser, we measured a short distance using a high accuracy translation stage and a long distance which were measured simultaneously with the laser and counting HeNe interferometer for comparison. We also swept the repetition frequency to see the change in the fringes. The results will be shown in the following sections.
Repetition Frequency Sweep for Determination of K
The technique used to extract the distance reported in this paper requires knowledge of the sign of fitting parameter K . One method to solve this problem is to change the f rep . When the laser is hybrid mode locked, f rep is much easier to change. Fig. 4 shows the fitting results with different repetition frequency. The relation between K and f rep is almost linear and allows the determination of the sign of K . This is especially significant for absolute distance measurement for a long distance. From the particular example Fig. 4 , it is found that K is positive.
Distance Measurement for Short Distance
The distance measurements were performed with a high accuracy translation stage which has a unidirectional repeatability of 0.1 μm. Initially the carriage was positioned at the beginning of the stage and the images of the initial position were recorded. Then the carriage was moved in 5 mm increments, and images were taken. At every position, five measurements were recorded. The environment conditions were well controlled in the clean room. A typical phase measurement and unwrapped phase with a linear fit are shown in Fig. 5 . Each sample on the horizontal axis corresponds to a wavelength of the frequency comb. The optical distance measurement is compared with the value given by the translation stage. Fig. 6 shows the outcome of this analysis. When averaged over five measurements the integrated comb laser and the length given by the translation stage agree within 6 μm with a standard deviation of 1.4 μm.
The linear fitting uncertainty is less than 5 × 10 −4 , which corresponds to 12.5 μm. This is the main contribution to the distance measurement uncertainty, which is much larger than the group refractive index and environmental effects. This error is mostly arising from the limited number of modes available from the laser. Several simple improvements will enhance the accuracy of a device based on this experiment. For the chip used in this work the spectral bandwidth is 3 nm (120 modes) in comparison to the measurement with several thousands of modes reported by Van den Berg [18] using a Ti:Sapphire laser. New mode-locked laser designs already extend the bandwidth to 40 nm [23] , [28] , so this will not be a bottleneck in taking the technology further. Another easy improvement can be increasing the repetition frequency. As shown in [24] , with a laser of tens of gigahertz repetition frequency a highly accurate result can be also obtained.
Distance Measurement for Long Distance
A distance up to 70 cm was also measured with chip laser. The setup is similar to short distance measurement, except a 1.5 m bench was used to replace the translation stage. The displacement of the bench could not be directly read out, therefore a counting HeNe interferometer was used for comparison. However, the results of long distance measurements were much worse than short distance measurement. The integrated comb laser and counting HeNe interferometer measurements agree within 5 mm over a distance of 70 cm. Though as mentioned in [18] , the method does not need the offset frequency f 0 to be locked, it only works when the distance is less than 1 2 L pp . If the distance is longer than 1 2 L pp , the interference occurs between different pulses. The interference signal changing with distance is shown in Fig. 7 . The interference fringes at the distance of 0.7 cm can be clearly seen but for a distance of 70 cm the fringes almost disappear. The pulses at different moment are not stable in frequency and the interference is not stable enough to be recorded. The interference signal is not DC anymore. The integration time of camera is 10 ms, which means that the image is obtained by averaging 2.5 × 10 7 pulses. The averaging reduces the interference signal and increases the uncertainty of fitting result. A new laser has been published with a 12-nm 10-dB output optical spectrum and a narrow longitudinal mode linewidth (<400 kHz) [29] . This new laser can dramatically improve the measurement range at these distances.
Conclusion
We have shown that mode-resolved spectral interferometry with an on-chip laser is possible. This is promising for frequency comb-based distance measurement, since miniaturization allows for potentially huge cost reduction, reduction of energy consumption and footprint, which could enable a wide range of applications for which current frequency comb systems are too bulky and expensive. A tunable mode-locked laser can easily solve the ambiguity problem of spectral interferometry method by varying the repetition frequency, which is significant for absolute long distance measurement. However, further improvement on spectral width and coherence length will be needed to reach the results obtained with traditional frequency comb sources. Given the rapid developments in the field, though, competing performance may be demonstrated in near future. Several improvements of lasers like larger bandwidth [23] , [28] and narrow linewidth [29] have been reported, which will further enhance the stability of the on-chip laser and improve the measurement accuracy for a wide range of applications.
